The human perception of biological organization has profound implications for the study, management, and conservation of living things. Traditional methods of classification, which imply all-or-nothing group membership, are inconsistent with the modern synthesis, which stresses variability and unique individuals. We propose that fuzzy classification, which allows fractional membership in multiple clusters, can more realistically denote many forms of biological organization, such as populations. We used fuzzy clustering to depict the ambiguous structure of a migratory caribou (Rangifer tarandus) herd, based on affinities in space use, and walleye (Stizostedion vitreum) stocks, based on genetic dissimilarities among multilocus genotypes. In both cases, fuzzy memberships conveyed the degree of uncertainty of belonging while resolving cluster memberships for unambiguous and problematic individuals. Vagueness implies that borderline group identity cannot be remedied with more resolving power. Fuzzy classification is more in tune with the empirical and philosophical foundations of our discipline and can reconcile our need to classify with an inherently vague biological world.
Introduction
Classification is a cornerstone for understanding in biology. Studies in demography, biogeography, phylogeny, and taxonomy are often intent on, or dependent on, the identification of discrete organism groups. By placing similarly related objects into fewer clusters, classification can simplify the task of information processing. Not surprisingly, it is one of the most common statistical procedures of biologists (James and McCulloch 1990) .
In our view, conventional biological classification has remained detached from the philosophical underpinnings of the discipline. Traditional cluster analysis, with its focus on assigning absolute group memberships to objects, is rooted in the Aristotelian notion of "class", the view that variation is an imperfect manifestation of an archetype (Mayr 1988) . In contrast, biopopulations are "individuals" (Ghiselin 1966) . They are collections of lower-level entities, characterised by internal cohesion and spatiotemporal localisation, and hence defy the classical definition of class (Ghiselin 1969; Hull 1976; Mayr 1988; Baum 1998 ). This implies a particular methodology for biology: classification might be construed as an attempt to uncover blurred discontinuities among groups rather than a search for rigid boundaries (Brown and Lomolino 1998; Van Regenmortel 1998) .
We propose that fuzzy-set theory (Zadeh 1965) represents a formal mathematical approach closely allied with this philosophy of biology. Despite the label, fuzzy-set theory is an exact approach to handle items displaying continuous variation and place them into classes without distinct boundaries. It generalizes traditional classification, where an object is either a member of a set or it is not, to permit graded membership. Fuzzy membership coefficients vary from 0 to 1, conveying the degree of belonging to a group. Remarkably, although vague organization seems widespread in biology, fuzzy classification is not (Marsili-Libelli 1989; Equihua 1990; Brown 1998; Schaefer et al. 2001) , despite its frequent use in other disciplines.
Fuzzy sets may be particularly apt for defining populations. Spatiotemporal connectedness is one basis for denoting populations (Mayr 1988; Baum 1998) and is increasingly being used (Coulson et al. 1999; Schaefer et al. 2001; Taylor et al. 2001) . Although interest in spatial population dynamics has exploded, the types of organization that we recognize, such as "patchy", "mainland-island", and "meta-" populations, remain stubbornly vague (Thomas and Kunin 1999) . Our sharp labels belie a near-continuum of spatial structures.
Here, we demonstrate the analytical and philosophical value of fuzzy-set theory to biological classification. We applied fuzzy clustering to vague population organization of caribou (Rangifer tarandus) based on the spatial affinities and walleye (Stizostedion vitreum) based on the genetic dissimilarities. For biology, fuzzy classification may represent a more realistic depiction of many forms of organization, as well as a realignment toward the prevailing philosophy.
Population structure of caribou of the Ungava
Like many populations, the George River caribou herd has been treated as a single entity, within which organisms are presumed to be randomly strewn. We used spatial contiguity to examine its internal organization. Animals in both facets of our study were handled according to the principles of the Canadian Council on Animal Care. A total of 26 adult females was tracked by satellite at 3-or 4-day intervals for ≥2 years each (Service Argos, Landover, Md.). Similar to Bethke et al. (1996) , we computed mean northing and easting Universal Transverse Mercator locations for each animal during each of four seasons: precalving and calving (3 May -25 June), summer and postcalving (26 June -25 September), fall and breeding (26 September -15 November), and winter (16 November -2 May). We assigned each female, according to its mean date of tracking, to one period, 1986-1993 (n = 17) or 1994-1996 (n = 9) . These periods were delineated according to the pronounced range retraction of the herd. We conducted fuzzy c-means clustering for each period using a matrix of Euclidean distances and a fuzzy coefficient of 2.0 (Minasny and McBratney 1999) . We determined appropriate numbers of clusters by minimizing the fuzzy performance index (Odeh et al. 1992 ). The outcome was displayed as 90% harmonic home ranges for each animal using Range Manager (Data Solutions, St. John's, Nfld.). For comparison, we conducted sums-of-squares agglomerative clustering (Ward's method) using Statistica (StatSoft Inc., Tulsa, Okla.) on the same matrix.
Crisp and fuzzy clustering generated qualitatively similar results. Both methods indicated east-west organization within the herd; there was exact correspondence between the all-ornothing group identities indicated by Ward's method and the maximum fuzzy membership coefficients (Fig. 1) . Considerable ambiguity existed, however, along the boundaries of these subpopulations (Fig. 2) . Because the spatial organization may arise from site fidelity, the indistinct structure within the George River herd may stem from the lack of philopatry by females during winter, the time of greatest dispersion (Schaefer et al. 2000) . This ambiguity was reflected in the membership coefficients; many individuals displayed appreciable belonging in both eastern and western subpopulations (Fig. 1) . Clearly, traditional cluster analysis cannot adequately portray such vagueness, a deficiency that is likely to increase with the complexity of the system (Klir and Yuan 1995) .
The explicit recognition of vagueness is more than heuristic. It can support further study and hypothesis testing (e.g., Nicholls and Tudorancea 2001) . For example, demographic events such as births and deaths can be parceled out according to the degree of group identity of individuals (Schaefer et al. 2001) .
Our results revealed a deterioration in the structure of the George River herd with time ( Figs. 1 and 2 ). Mean maximum fuzzy membership coefficients were lower during the later (0.811) versus early period (0.911). This decline in organization coincided with reductions in population growth rate (Messier et al. 1988 ) and abundance and relaxed competition for food (Manseau et al. 1996 ; also see Coulson et al. 1999) . Size of individual home ranges decreased concomitantly with the retraction of the population range (Fig. 2 ) from an average of 207 000 to 158 000 km 2 (one-tailed t test, t 24 = 1.57, P = 0.065). The weak withinherd organization underscores the appreciable obstacles in assessing adverse effects on migratory species (Mahoney and Schaefer 2002) .
Stock structure of walleye in Lake Erie
Resolution of stock structure is central to fisheries management and relies heavily on molecular genetic marker systems for stock identification (Carvalho and Hauser 1994) . The discriminatory potential of genetic markers may be hampered, however, by the assumption that local samples are equivalent to single, cohesive populations. Assigning or assuming a priori "crisp" population membership may ignore the key issues of population admixture and straying among stocks. Although potentially testable using Hardy-Weinberg equilibrium predictions and linkage disequilibrium among marker genes, such uncertainty can remain problematic for highly variable markers such as microsatellite loci.
New approaches that test individual assignments (Cornuet et al. 1999; Banks and Eichert 2000) show promise for denoting memberships and detecting movements among populations. These methods are still limited, however, by their reliance on baseline frequency data using sample collections as population units, although this assumption can be tested (Cornuet et al. 1999) . Refinement of the method via repeated iterations of assignment and calculation of population marker frequencies is computationally cumbersome (VasquezDominguez et al. 2001) . By contrast, fuzzy classification is computationally simple and can readily be applied.
We employed fuzzy cluster analysis to resolve the stock structure of walleye in eastern Lake Erie (Fig. 3) . Although several breeding populations are thought to occur in the eastern basin, their distinctiveness and contribution to mixedstock fisheries are largely unknown (Stepien and Faber 1998) . Mitochondrial and microsatellite data were collected from spawning aggregates in spring 1999 (Wilson and Gatt 2001) from van Buren Bay, New York (n = 70), Grand River, Ontario (n = 56), and shoals along the eastern Ontario shore (n = 76). Data for five variable microsatellite loci (Borer et al. 1999 ) are presented here. Samples from each site were tested for conformation to Hardy-Weinberg equilibrium (Raymond and Rousset 1995) . Each putative spawning group showed significant divergence from predicted values, indicating the presence of more than one genetic population and invalidating standard population-level analyses.
The number of genetic groups within the pooled sample was assessed by conventional, unweighted clustering of genetic dissimilarities among multilocus genotypes based on shared-allele distances (Hebert and Wilson 1994) . Apart from a few divergent genotypes that likely represented strays from an outside source, two major groups were detected. The dissimilarity matrix was subjected to fuzzy clustering using SPlus (MathSoft Inc., Cambridge, Mass.) to assess membership of individual fish in each of the two groups.
The results revealed indistinct population affinities (Fig. 3) . A sizable proportion of walleye showed low membership coefficients, with 35.6% of fish displaying maximum membership values of less than 0.8. The cohesiveness within the van Buren Bay and Grand River sites implied somewhat discrete genetic units, but collections from the Eastern Shoals showed highly mixed affiliations. Here, the gradation between the other two genetic groups was nearly continuous (Fig. 3) . Membership coefficients also suggested some straying among putative breeding populations. Fish with mixed ancestry were readily detectable by having appreciable affinities with more than one group; conversely, genotypes that fit poorly within either cluster exhibited comparable memberships in both.
We obtained comparable results (not shown) following Pritchard et al. (2000) , i.e., a blind assignment test that specified the number of putative populations but not membership as an a priori criterion. This method and the fuzzy approach, we believe, represent significant advances over conventional genetic assignment protocols: they highlight unresolved genotypes, allow for membership in multiple groups, and potentially indicate ancestry from more than one source (Pritchard et al. 2000) . Focusing on individual genetic relationships before pooling, rather than crisp a priori group assignments based on sampling location, retains the full spatial resolution of data and offers a means to dispense with arbitrary demarcations of biological groups.
Quantifying stock origins and the contributions of potential source populations to commercial and recreational fisheries lies at the crux of harvest management. Fuzzy or "continuous" classification should prove particularly valuable in resolving the structure of mixed-stock fisheries and is likely to be equally useful in other growing areas of genetic research such as gene flow, metapopulation structure, and sourcesink dynamics.
Conclusions
The Darwinian revolution summoned a new way of thinking about biological groups, a shift from Platonic essentialism, emphasizing immutability and typology, toward a populationist approach, emphasizing variability and unique individuals (Ghiselin 1969) . Considering species, Mayr (1988, p. 344) wrote: "Individuals are reasonably discrete in space and time, they are bounded rather than being potentially unlimited, as classes are. However, because species speciate and occasionally merge, their borders are sometimes 'fuzzy' and the point at which one species leaves off and another begins is often arbitrary...".
Biological classification has lagged behind this philosophical maturation. Traditional cluster analysis, predicated on mutually exclusive subsets, represents an Aristotelian vestige of the pureness of biological classes. Williamson (1994, p. 257) noted that "vagueness manifests a specific kind of ignorance: that which stems from the indiscriminability of distinct concepts". It may not always be possible to place an organism unequivocally inside or outside a population, but the continuum that stems from vagueness need not be continuous (McBratney and Odeh 1997) . Biological organization might best be approximated as clumpy-gappy structure that defies exact taxonomic pigeonholes (Brown and Lomolino 1998; Van Regenmortel 1998) .
Although not widely recognized, uncertainty in population delineations assumes two forms. Ambiguity is frequently associated with the position of an individual in genetic or geographic space, but also with the group membership of that individual (Schaefer et al. 2001) . These correspond, respectively, to "epistemic uncertainty" and "vagueness" (Regan et al. 2002) . Whereas the former may recede under the weight of more information, even perfect knowledge may fail to remedy the uncertainty of borderline group identity (Sorensen 1989; McBratney and Odeh 1997) . It is this latter source of uncertainty, which cannot be alleviated by more resolving power, that is addressed by fuzzy-set theory (Zadeh 1965) .
A century after Darwin, fuzzy-set theory emerged as a "mathematical challenge to the Aristotelian binary logic" (Openshaw 1996) . We maintain that fuzzy-set theory represents more than a methodological advance for biology; it reflects the very philosophy of how we deal with vagueness. Fuzzy classification reconciles our need for order with an ambiguous biological world. Pillar (1999) devised a method for gauging the sharpness of traditional clustering procedures, but the resulting group assignments, nevertheless, are absolute. With a crisp classification, an element is deemed to reside wholly in group or not. This milestone in scientific thought appears less widely appreciated in biology than in other sciences. In his seminal paper, Zadeh (1965) offered a biological example for the new theory, and indeed, examples of vague biological entities seem to abound. In addition to entities already treated as fuzzy groups, such as populations (Schaefer et al. 2001) , communities (Brown 1998; Nicholls and Tudorancea 2001) , and species' conservation status (Regan et al. 2002) , other intractably blurred categories may include dispersers and residents, islands and mainlands, trophic levels, habitats, species, and perhaps even life and nonlife. How we classify strikes to the very core of how biological entities are studied and managed, as evidenced by the growing debate on the units of conservation (Rojas 1992) .
We continue to grapple, often unsatisfactorily, with vagueness. Remnants of essentialist thought persist, a reminder that the Darwinian revolution is incomplete. Ghiselin (1969, p. 55) wrote: "Just as Aristotelian logic long impeded the progress of biology by necessitating a classification admitting no gradation, modern logic could cope better with systems of thought concerned with probabilistic ideas." Fuzzy sets appear to be one such prescription for postessentialist biology.
